A B ST R A CT Cyclic AMP and cyclic GMP were measured in rat adrenal glands after either hypophysectomy alone or after hypophysectomy and treatment with ACTH. Adrenal cyclic GMP levels rise in acutely hypophysectomized rats to a maximum at 1 h of ap- about 1 pmol per mg tissue for 7 days, adrenal cyclic GMP showed a biphasic rhythm in long-term hypophysectomized animals. After an initial peak at 1 h after hypophysectomy, adrenal cyclic GMP declined to baseline at 4-12 h but thereafter progressively rose with time, eventually reaching levels over 1 pmol per mg tissue. Fluorescent immunocytochemical staining of rat adrenal zona fasciculata showed cyclic AMP largely confined to cytoplasmic elements with little fluorescence contained in nuclei. In contrast, cyclic GMP was found discretely positioned in nuclei with prominent fluorescence in nucleoli in addition to cytoplasmic localization.
proximately 200% of control levels; there is a return to base line at 4-12 h after hypophysectomy. In contrast, adrenal cyclic AMP falls immediately to about 50% of control levels after hypophysectomy and remains at approximately 1 pmol per mg tissue. Doses of ACTH beyond the physiological range markedly suppress adrenal cyclic GMP while producing a 50-fold or greater rise in cyclic AMP in hypophysectomized rats. This pattern of adrenal cyclic GMP rise was unchanged in acutely hypophysectomized animals treated with dexamethasone. N8-2'-O dibutyryl cyclic AMP acted similarly to the effect of ACTH in bringing about a suppression of adrenal cyclic GMP levels.
Physiological i.v. pulse doses of ACTH produced a rapid dose related increase in adrenal cyclic AMP and a simultaneous suppression of adrenal cyclic GMP. In vitro incubation of quartered adrenal pairs with 500 mU ACTH produced elevated cyclic AMP levels and suppression of cyclic GMP.
Whereas adrenal cyclic AMP fell rapidly to 50% of control levels after hypophysectomy and remained at Part of this work has been presented in abstract form at the annual meeting of the Endocrine Society, Atlanta, Ga., [12] [13] [14] June 1974. Dr. Steiner is the recipient of an Otto G. Storm Investigatorship of the American Heart Association.
Received for publication 12 November 1974 and in revised form 7 March 1975. about 1 pmol per mg tissue for 7 days, adrenal cyclic GMP showed a biphasic rhythm in long-term hypophysectomized animals. After an initial peak at 1 h after hypophysectomy, adrenal cyclic GMP declined to baseline at 4-12 h but thereafter progressively rose with time, eventually reaching levels over 1 pmol per mg tissue. Fluorescent immunocytochemical staining of rat adrenal zona fasciculata showed cyclic AMP largely confined to cytoplasmic elements with little fluorescence contained in nuclei. In contrast, cyclic GMP was found discretely positioned in nuclei with prominent fluorescence in nucleoli in addition to cytoplasmic localization.
It is concluded that in hypophysectomized rats ACTH, either directly or in conjunction with alteration of adrenal cyclic AMP, appears to be one factor which regulates adrenal cyclic GMP. The direction of cyclic GMP change and the different subcellular localization of the nucleotides suggest divergent roles for cyclic AMP and cyclic GMP in adrenocortical function. Furthermore, our observations suggest a role for adrenal cyclic GMP in nuclear directed events.
INTRODUCTION
The role of ACTH on adrenal steroidogenesis and adrenocortical growth capacity is well established. Considerable evidence has now accumulated that 3',5'-cyclic AMP (cyclic AMP)1 is an intracellular mediator of 1Abbreviations used in this paper: cyclic AMP, 3',5'-cyclic AMP; cyclic GMP, 3',5'-cyclic GMP; dibutyryl cyclic AMP, N6-2-0-dibutyryl cyclic AMP; PBS, phosphate-buffered saline; PDE, 3',5'-beefheart cyclic nucleotide phosphodiesterase. The growth promoting effect of ACTH on the adrenal cortex is characterized by RNA and protein accumulation and then DNA replication (4) (5) . Masui and Garren (6) have shown that adrenal DNA polymerase and thymidine kinase activities increase concomitantly with DNA synthesis and are initiated at 24 h after ACTH administration. More recently, Fuhrman and Gill (7) have demonstrated the stimulation of the nucleolar localized RNA polymerase I by ACTH and N6-2'-O dibutyryl cyclic AMP (dibutyryl cyclic AMP) in isolated guinea pig adrenal nuclei. Therefore, it appears that ACTH and possibly cyclic AMP are major positive influences in the promotion of adrenal steroidogenesis and growth.
Recent evidence has suggested that 3',5'-cyclic GMP (cyclic GMP), heretofore known to be present in most mammalian tissues (8) , may be a biologically important regulator of growth in some tissues (9) . The present studies were undertaken to examine the question of whether adrenal cyclic GMP is subject to hormonal regulation and to compare the regulation of adrenal cyclic GMP with that of cyclic AMP. Our observations suggest that adrenal cyclic GMP is suppressed by ACTH either directly or in conjunction with alterations in adrenal cyclic AMP. In addition, we have shown significant nuclear localization for adrenal cyclic GMP while cyclic AMP is predominantly found in the adrenocortical cytoplasm. The series of experiments described here show that ACTH exerts divergent effects on adrenal cyclic AMP and cyclic GMP and that the two nucleotides have differing intracellular localizations. The studies suggest that adrenal cyclic GMP does not play a role similar to that of cyclic AMP in the regulation of adrenocortical function. Adrenal cyclic GMP may be involved in nuclear directed events.
METHODS
Matcrials. Cyclic nucleotides used for radioimmunoassay standards were purchased from Sigma Chemical Co., St.
Louis, Mo. lodinated derivatives of the cyclic nucleotides and the antibodies used in the radioimmunoassay were prepared as described elsewhere (10 Male Sprague-Dawley rats weighing 160-180 g were utilized in these experiments. Preliminary experiments showed that minimal stress occurred, as determined by elevation of adrenal cyclic AMP concentration, if animals were killed quickly by blunt trauma instead of after anesthestic agents, cervical dislocation, etc. Therefore, some rats with intact pituitaries were killed quickly by blunt trauma. These animals served as controls. All other rats were hypophysectomized under light ether anesthesia by the transaural approach. At autopsy, rats with retained pituitary remnants were discarded. The adrenal glands were removed at specified times, trimmed free of adhering fat, and frozen immediately in liquid nitrogen. In some animals renal cortical tissue and skeletal muscle from the femoris muscle group were obtained and handled in the same manner. Tissue samples were stored at -80'C until processed for radioimmunoassay of cyclic AMP and cyclic GMP.
Studics in vivo. Groups of hypophysectomized rats, without further treatment, were sacrificed at various intervals for up to 7 days after hypophysectomy. A second group of acutely hypophysectomized animals was treated with single i.p. injections of either 20 U ACTH, 50 mg dibutyryl cyclic AMP, or 0.2 mg dexamethasone. Adrenals were removed at times specified in the text for assay of the cyclic nucleotides.
For studies examining the effects of physiological doses of ACTH, rats hypophysectomized 2 h earlier were anesthetized with pentobarbital (60 mg/kg) by i.p. injection. Pulse doses of ACTH, ranging from 0.05 to 1.0 mU, were injected into the femoral vein and the adrenals were removed 3 min later for assay of cyclic AMP and cyclic GMP. Control animals received i.v. injections of 1% acidalbumin2 instead of ACTH.
Studies in vitro. The adrenal glands from rats hypophysectomized 2 h earlier were removed, trimmed free of adhering fat, weighed, and quartered. After a preincubation period of 1 h, paired adrenals were transferred to fresh medium and the study period started. Incubations were carried out in 25 ml Ehrlenmeyer flasks containing KrebsRinger bicarbonate solution with 200 mg of glucose per 100 ml (pH 7.4) in a Dubnoff metabolic shaker with a closed atmosphere of 95% 02-5% C02 at 370C. The final incubation volume was 2 ml with either 500 mU ACTH contained in 0.2 ml acid 0.1% albumin or 0.2 ml acid 0.1% albumin without ACTH serving as controls.
Adrenals were removed at 15 and 30 min, matted free of liquid with gauze, and frozen immediately in liquid nitrogen until processed for assay of the cyclic nucleotide content as described below.
Assay of cyclic AMP and cyclic GMP. Frozen tissue samples from 10-40 mg were homogenized in 1.0 ml ice cold 6% trichloroacetic acid (TCA). Protein precipitates were sedimented by centrifugation at 2,400 g for 20 min. 750 Al of the resulting supernate was aspirated and washed four times with 10 vol of diethyl ether saturated with water. The aqueous phase was evaporated to dryness under a nitrogen stream at 60-70°C. The resulting residues were then Vehicle in which ACTH powder was dissolved for i.v. injection consisted of 1% bovine serum albumin in 0.9%c sodium chloride, pH 2.6. Frozen, unfixed cryostat-cut sections 3-6 Am in thickness were treated with highly specific IgG from antisera raised in rabbits to either cyclic AMP or cyclic GMP as previously described (12) . Rat adrenal zona fasciculata sections from untreated animals were dried in air on slides and treated in sequence for 30 min with each of the following: antibody to nucleotide (1: 10 dilution of antibody to cyclic AMP, and 1: 8 dilution of antibody to cyclic GMP) or control serum (1: l0dilution); phosphate buffered saline (PBS); and fluorescein-labeled goat antiserum to rabbit IgG in a 1: 8 dilution. The slides were then washed for 10 min in PBS and mounted with 50% glycerine in PBS for examination under fluorescence microscopy. Individual slides were interpreted without regard to which antibody had been used for staining.
Adrenal cell fractions. Rat adrenal glands from untreated animals were homogenized in 0.88 M sucrose containing 3 mM MgCl2 and 200 /LM papaverine by hand with 10 strokes of a Teflon pestle in a glass homogenizing tube. The homogenization and all centrifugation steps were performed at 04oC. In some experiments no phosphodiesterase inhibitor was added. Although, this resulted in a lower content of total cyclic GMP without a change in total cyclic AMP, the relative distribution of both nucleotides was unaltered (see Results) .
The homogenate was centrifuged at 1,000 g for 10 min in a refrigerated Sorvall RC2-B (Ivan Sorvall, Inc., Norwalk, Conn.). The crude pellet and cell debris was resuspended in 2.2 M sucrose containing 3 mM MgCl2 and centrifuged at 45,000 g for 45 min in a model L3-50 ultracentrifuge (Beckman Instruments Inc., Fullerton, Calif.) to obtain the nuclear pellet fraction. This method of nuclei isolation, with only minor modification here, has been shown by electron microscopy to be free of cytoplasmic contami- nants (13) . Crude mitochondrial and microsomal pellets were obtained from the 1,000 g supernate by differential centrifugation at 10,000 and 105,000 g, respectively. The postmicrosomal supernate was used as the cytosol fraction. Fractions were then treated with ice-cold TCA, extracted, and used in the radioimmunoassay as previously described. The protein content of TCA precipitates was measured by the method of Lowry, Rosebrough, Farr, and Randall (14) with bovine serum albumin as a standard.
Statistical analysis. Statistical evaluation of the data was performed using a one-way analysis of variance and a f distribution of the experimental groups.
RESULTS
Effects of acute hypophysectomzy and ACTH, dexamethasone, and dibutyryl cyclic AMP on adrenal cyclic nucleotide levels in vivo. Adrenal cyclic AMP and cyclic GMP were measured in control, hypophysectomized, and hypophysectomized rats given 20 U ACTH 15 min before sacrifice. After hypophysectomy, adrenal cyclic AMP falls but not significantly (P > 0.125) to about 1 pmol per mg tissue (Fig. 1) . As previously shown by Richman et al. (15) , ACTH uniformly produces a striking 50-fold or greater rise in adrenal concentrations of cyclic AMP. The effects of hypophysectomy and of 20 U ACTH administered after hypophysectomy on adrenal cyclic GMP are opposite to those observed for cyclic AMP (Fig. 2) . Thus, after hypophysectomy, adrenal cyclic GAIP rises to a maximum at 1 h which is approximately 200% of control levels (P < 0.005). ACTH, 15 min before sacrifice, markedly lowered the cyclic GMP concentrations at each time interval (P < 0.03 at each time point).
To examine if the acute changes in adrenal cyclic GMP after hypophysectomy were due to the removal of a pituitary factor (ACTH or other hypophyseal factor) the following experiment was performed. Rat pituitaries (n = 13) were homogenized in 2 ml saline and 0.5 ml of the pituitary extract or 0.5 ml saline was injected subcutaneously without anesthesia into rats hy- Inasmuch as glucocorticoids have been implicated as agents which can suppress cyclic GMP levels in some but not all tissues (10) , experiments were performed to test the possibility that the observed suppression in adrenal cyclic GMP might be correlated with the stimulatory effect of ACTH on glucocorticoid levels. Rats were hypophysectomized, and some were given dexamethasone, 0.2 mg, 15 min before sacrifice. The pattern of adrenal cyclic GMP was unchanged in hypophysectomized rats treated with dexamethasone (P > 1.0) (Fig.  3) .
A second group of hypophysectomized rats were treated with dibutyryl cyclic AMP, 50 mg, 15 min before sacrifice. Dibutyryl cyclic AMP acted similarly to the effect of ACTH bringing about a suppression of adrenal cyclic CMP (P <0.002 at 1 and 2 h). Because this dibutyryl analogue of cyclic AMP lowered adrenal cyclic GMP, a rise in adrenal cyclic AMP may promote changes which lead to lower adrenal concentrations of cyclic GMP (Fig. 3) .
To examine whether or not the changes in adrenal cyclic nucleotide levels observed under the present conditions were specific to adrenal tissue, skeletal muscle or renal cortical tissue from some animals were also assayed for cyclic AMP and cyclic GMP. Neither hypophysectomy or hypophysectomy plus 20 U ACTH, 15 min before sacrifice, changed basal levels of cyclic AMP or cyclic GMP in rat renal cortical or skeletal muscle tissue (see Tables I and II) quite similar to those previously reported by GrahameSmith, Butcher, Ney, and Sutherland (3) . In contrast to the small rise of adrenal cyclic AMP, adrenal cyclic GMP is suppressed by approximately 40 and 70% with 0.05 mU and 0.2 mU ACTH, respectively. These experiments suggest that in physiological concentrations in vivo ACTH causes a small elevation of adrenal cyclic AMP as it submaximally stimulates steroidogenesis while at the same time adrenal cyclic GMP levels are being markedly suppressed. Effect of long-term hypophysectomy on adrenal cyclic AMP and cyclic GMP. It is known that after hypophysectomy there is gradual diminution in both adrenal steroidogenesis and adrenal growth (3). After hypophysectomy, adrenal cyclic AMP falls rapidly and remains at about 1 pmol per mg tissue for up to 7 days (Fig. 5) . In contrast, adrenal cyclic GMP appears to follow a biphasic rhythm, showing an initial peak at 1 h after hypophysectomy but declining at 4 and 12 h. Thereafter, cyclic GMP appears to rise progressively with time, eventually reaching levels over 1 pmol per mg tissue (P < 0.00001 at 72 and 168 h). Thus, after hypophysectomy, adrenal cyclic AMP and cyclic GMP eventually achieve comparable levels in long-term hypophysectomized animals.
Effect of A CTH on adrenal cyclic AMP and cyclic GMP in vitro. To rule out the possibility that alterations of adrenal blood flow or other factors in the in vivo system might account for changes of adrenal cyclic GMP previously observed, the following experiment was performed. Quartered rat adrenal pairs were incubated in duplicate with or without 500 mU ACTH added to the bathing medium. Adrenals were removed at 15 and 30 min for assay of cyclic AMP and cyclic GMP. The results of such an experiment are shown in Fig. 6 (Fig. 7B) . In contrast to the streaked appearance of cyclic AMP, cyclic GMP staining was homogenously distributed in rat zona fasciculata.
Although not shown here, the patterns of fluorescence for cyclic AMP and cyclic GMP were the same in zona glomerulosa and zona reticularis as in zona fasciculata. Adrenal medulla contained areas of fluorescence for both nucleotides but to date has not been extensively studied.
Cyclic nucleotide levels in various adrenal cell fractions. To further substantiate the subcellular localization of the nucleotides, cyclic AMP and cyclic GMP were assayed in crude adrenal cell fractions obtained by differential centrifugation of whole rat adrenal homogenates as described above. An average of eight intact rats were killed by blunt trauma to minimize stress and the adrenals pooled for homogenization.
In Our studies suggest that adrenal cyclic GMIP in vivo is likely functioning in a role dissimilar to that of adrenal cyclic AMP. This conclusion is based on: (a) the observations that cyclic GMP concentrations fall after ACTH administration in the hypophysectomized rat, and (b) the basal adrenal cyclic GMP/cyclic AMP ratio, higher than in most tissues (9) , continues to rise in long-term hypophysectomized rats as the adrenal atrophies. The relationship of cyclic GMP to ACTH action is probably not a simple one, however, as evidenced by the biphasic rhythm in adrenal cyclic GMP after hypophysectomy.
These observations are in conflict with some recent data in cultured mouse fibroblasts in which cyclic GMP concentrations increased immediately after addition of serum (20, 21) . The increase in cyclic GMP after the growth promoting stimulus is transient, and it is not clear from these experiments that cyclic GMP is a causal factor in fibroblast growth regulation. It seems likely that the concentrations of both cyclic AMP and cyclic GMP are critical at different stages of the cell cycle in both cultured cells and in tissues such as the adrenal in vivo, and no simple conclusions can be made at present on the role of the cyclic nucleotides in growth regulation.
